


�1�5�3�6�-�1�2�3�3� �(�c�)� �2�0�2�1� �I �E �E �E�.� �P�e�r�s �o �n�a�l� �u�s�e� �i�s� �p�e�r �m�i�t�t�e �d�,� �b �u�t� �r�e �p �u �b�l�i�c�a�t�i �o �n�/�r�e �d�i�s�t�r�i �b �u�t�i �o �n� �r�e �q �u�i�r�e�s� �I �E �E �E� �p�e�r �m�i�s�s�i �o �n�.� �S�e�e� �h�t�t �p�:�/�/ �w �w �w�.�i�e�e�e�. �o�r�g�/ �p �u �b�l�i�c�a�t�i �o �n�s �_�s�t�a �n �d�a�r �d�s�/ �p �u �b�l�i�c�a�t�i �o �n�s�/�r�i �g �h�t�s�/�i �n �d�e�x�. �h�t �m�l� �f �o�r� �m�o�r�e� �i �n�f �o�r �m�a�t�i �o �n�.

�T �h�i�s� �a�r�t�i�c�l�e� �h�a�s� �b�e�e �n� �a�c�c�e �p�t�e �d� �f �o�r� �p �u �b�l�i�c�a�t�i �o �n� �i �n� �a� �f �u�t �u�r�e� �i�s�s �u�e� �o�f� �t �h�i�s� �j �o �u�r �n�a�l�,� �b �u�t� �h�a�s� �n �o�t� �b�e�e �n� �f �u�l�l �y� �e �d�i�t�e �d�.� �C �o �n�t�e �n�t� �m�a�y� �c �h�a �n�g�e� �p�r�i �o�r� �t �o� �f�i �n�a�l� �p �u �b�l�i�c�a�t�i �o �n�.� �C�i�t�a�t�i �o �n� �i �n�f �o�r �m�a�t�i �o �n�:� �D �O�I� �1�0�. �1�1�0�9�/ �T �M �C�.�2�0�2�1�. �3�1�0�6�0�1�3�,� �I �E �E �E
�T�r�a �n�s�a�c�t�i �o �n�s� �o �n� �M�o �b�i�l�e� �C �o �m �p �u�t�i �n�g

�J �O �U �R �N �A �L �O �F �L�A�T�E�X �C �L �A �S �S �F�I �L �E �S�, �V �O �L�. �1 �4�, �N �O�. �8�, �A �U �G �U �S �T �2 �0 �1 �5 �1 �0

�p�r �o �p �o �s �e �d �L �A �R �F �a�l �g �o�r�i�t �h �m �a �n �d �O �R �R �a�l �g �o�r�i�t �h �m �c �a �n �s�i �g �n�i û��-
�c �a �n�t�l �y �i �n �c�r �e �a �s �e �t �h �e �f �r �e �s �h �n �e �s �s �o�f �s �e �n �s �o�r �y �d �a�t �a �p �a �c �k �e�t �s �c �o�l�l �e �c�t�-
�e �d �b �y �t �h �e �s�i �n �k �n �o �d �e�. �A�l�t �h �o �u �g �h �t �h �e �M �A �X�F�I �R �S �T �a�l �g �o�r�i�t �h �m
�h �a �s �s�i �m�i�l �a�r �p �e�r�f �o�r �m �a �n �c �e �w�i�t �h �t �h �e �p�r �o �p �o �s �e �d �a�l �g �o�r�i�t �h �m�s�, �t �h �e
�M �A �X�F�I �R �S �T �a�l �g �o�r�i�t �h �m �i �s �n �o�t �f �e �a �s�i �b�l �e �i �n �f �a �c�t �s�i �n �c �e �b �a�t�t �e�r �y�-
�f �r �e �e �s �e �n �s �o�r �n �o �d �e �s �c �a �n �n �o�t �h �a �v �e �t �h �e �k �n �o �w�l �e �d �g �e �o�f �r �e �a�l�-
�t�i �m �e �m �a �x�i �m �u �m �A �o�I �o�f �t �h �e �n �e�t �w �o�r �k�. �F �o �u�r�t �h�, �t �h �e �w �e�i �g �h�t �e �d
�s �u �m �o�f �a �v �e�r �a �g �e �p �e �a �k �a �g �e �s"� �P �p�r �o �d �u �c �e �d �b �y �t �h �e �p�r �o �p �o �s �e �d
�L �A �R �F �a�l �g �o�r�i�t �h �m �a �n �d �O �R �R �a�l �g �o�r�i�t �h �m �i �n �c�r �e �a �s �e �s �s �h �a�r �p�l �y �a�f�t �e�r
�n"e �e�s�/ �»�= �2 �0�. �T �h �e �r �e �a �s �o �n �s �a�r �e �a �s �f �o�l�l �o �w �s�. �W �h �e �n�n �< �e�s�/ �»�,
�t �h �e �e �x �p �e �c�t �a�t�i �o �n �o�f �t �h �e �e �n �e�r �g �y �h �a�r �v �e �s�t �e �d �b �y �a �b �a�t�t �e�r �y�-�f �r �e �e
�s �e �n �s �o�r �n �o �d �e �i �n�n �t�i �m �e �s�l �o�t �s �i �s�n �» �< �e�s�. �T �h �e�r �e�f �o�r �e�, �t �h �e
�e �n �e�r �g �y �c �o �n �s�t �r �a�i �n�t �i �s �t �h �e �m �a�j �o�r �c �o �n �s�t �r �a�i �n�t �f �o�r �r �e �d �u �c�i �n �g"� �P�.
�H �o �w �e �v �e�r�, �a�f�t �e�r�n "e �e�s�/ �»�, �t �h �e �e �x �p �e �c�t �a�t�i �o �n �o�f �t �h �e �e �n �e�r �g �y
�h �a�r �v �e �s�t �e �d �b �y �a �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r �n �o �d �e �i �n�n �t�i �m �e �s�l �o�t �s �i �s
�l �a�r �g �e�r �t �h �a �n�e�s�. �T �h �a�t �m �e �a �n �s �t �h �e �p�r �o �b �a �b�i�l�i�t �y �o�f �a �b �a�t�t �e�r �y�-�f �r �e �e
�s �e �n �s �o�r �n �o �d �e �t �o �h �a�r �v �e �s�t �a�t �l �e �a �s�t�e�s �e �n �e�r �g �y �i �n�n �t�i �m �e �s�l �o�t �s
�i �n �c�r �e �a �s �e �s �w�i�t �h �t �h �e �i �n �c�r �e �a �s �e �o�f�n�. �M �e �a �n �w �h�i�l �e�, �t �h �e �i �n �c�r �e �a �s �e
�o�f�n �l �e �a �d �s �t �h �e �i �n �c�r �e �a �s �e �d �c �o �m �p �e�t�i�t�i �o �n �s �a �m �o �n �g �b �a�t�t �e�r �y�-�f �r �e �e
�s �e �n �s �o�r �n �o �d �e �s �f �o�r �t �h �e �c �o �m �m �o �n �w�i �r �e�l �e �s �s �c �h �a �n �n �e�l �a �n �d �t �h �e
�t �r �a �n �s �m�i �s �s�i �o �n �i �n�t �e�r�f �e�r �e �n �c �e �b �e �c �o �m �e �s �t �h �e �m �a�i �n �c �o �n �s�t �r �a�i �n�t �i �n
�r �e �d �u �c�i �n �g"� �P �w �h �e �n�n "e �e�s�/ �»�. �T �h �e�r �e�f �o�r �e�, �w �h �e �n�n "e �e�s�/ �»�,
"� �P �i �n �c�r �e �a �s �e �s �s �h �a�r �p�l �y �w�i�t �h �t �h �e �i �n �c�r �e �a �s �e �o�f�n�.

�F�i �g�. �2 �( �b�) �s �h �o �w �s �t �h �e �a �v �e�r �a �g �e �a �g �e"� �a �c �h�i �e �v �e �d �b �y �t �h �e �L �A �R �F
�a�l �g �o�r�i�t �h �m�, �t �h �e �O �R �R �a�l �g �o�r�i�t �h �m�, �t �h �e �M �A �X�F�I �R �S �T �a�l �g �o�r�i�t �h �m
�a �n �d �t �h �e �R �A �N �D �O �M �a�l �g �o�r�i�t �h �m�, �r �e �s �p �e �c�t�i �v �e�l �y�. �S �u�r �p�r�i �s�i �n �g�l �y�, �t �h �e
�p�r �o �p �o �s �e �d �L �A �R �F �a�l �g �o�r�i�t �h �m �a �n �d �O �R �R �a�l �g �o�r�i�t �h �m �a�l �s �o �h �a �v �e
�g �o �o �d �p �e�r�f �o�r �m �a �n �c �e �i �n �r �e �d �u �c�i �n �g �t �h �e �a �v �e�r �a �g �e �a �g �e �o�f �d �a�t �a
�c �o�l�l �e �c�t�i �o �n �i �n �B �F�- �W �S �N �s�.

�6�. �1�. �2 � �T �h �e �I �m �p �a �c�t �o�f �E �n �e�r �g �y �P�r �o û��l �e

�N �e �x�t�, �w �e �e �v �a�l �u �a�t �e �t �h �e �w �e�i �g �h�t �e �d �s �u �m �o�f �a �v �e�r �a �g �e �p �e �a �k �a �g �e �s
�a �n �d �a �v �e�r �a �g �e �a �g �e �o�f �d �a�t �a �c �o�l�l �e �c�t�i �o �n �i �n �B �F�- �W �S �N �s �a �s �t �h �e
�P �o�i �s �s �o �n �p �a�r �a �m �e�t �e�r�» �i �n �c�r �e �a �s �e �s �f �r �o �m�0�.�0 �1�× �e�s �t �o�0�.�0 �8�× �e�s�,
�w �h �e�r �e�e�s �i �s �t �h �e �e �n �e�r �g �y �c �o �n �s �u �m �p�t�i �o �n �f �o�r �a �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r
�n �o �d �e �t �o �g �e �n �e�r �a�t �e �a �n �d �t �r �a �n �s �m�i�t �o �n �e �s �e �n �s �o�r �y �d �a�t �a �p �a �c �k �e�t�. �W�e
�s �e�t �t �h �e �n �e�t �w �o�r �k �s�i �z �e �a �s�n �= �2 �0�. �F�i �g�. �3 �s �h �o �w �s �t �h �e �n �u �m �e�r�i �c �a�l
�r �e �s �u�l�t �s�, �w �h �e�r �e �e �a �c �h �d �a�t �a �p �o�i �n�t �i �n �t �h �e û� �g �u�r �e �s �i �s �t �h �e �a �v �e�r �a �g �e
�r �e �s �u�l�t �p�r �o �d �u �c �e �d �b �y �r �u �n �n�i �n �g �a�l �g �o�r�i�t �h �m�s �o �n �1 �0 �0 �B �F�- �W �S �N �s�.

�0�. �0 �0 �0�. �0 �2 �0�. �0 �4 �0�. �0 �6 �0�. �0 �8

�2 �0

�4 �0

�6 �0

�8 �0

�1 �0 �0

�1 �2 �0

"�
�P

�»�(�e�s�)

� �L �A �R �F
� �O �R �R
� �M �A �X �_ �F�I �R �S �T
� �R �A �N �D �O �M

�( �a�) �T �h �e �i �m �p �a �c�t �o�f�» �o �n"� �P �.

�0�. �0 �0 �0�. �0 �2 �0�. �0 �4 �0�. �0 �6 �0�. �0 �8

�1 �0

�2 �0

�3 �0

�4 �0

�5 �0

�6 �0

"�

�»�(�e�s�)

� �L �A �R �F
� �O �R �R
� �M �A �X �_ �F�I �R �S �T
� �R �A �N �D �O �M

�( �b�) �T �h �e �i �m �p �a �c�t �o�f�» �o �n"� �.

�F�i �g�. �3�: �T �h �e �i �m �p �a �c�t �o�f�»�o �n �t �h �e �p �e�r�f �o�r �m �a �n �c �e �s �o�f �a�l �g �o�r�i�t �h �m�s �i �n
�B �F�- �W �S �N �s �w�i�t �h �P �o�i �s �s �o �n �e �n �e�r �g �y �h �a�r �v �e �s�t�i �n �g �p�r �o �c �e �s �s�.

�F�i �g�. �3 �( �a�) �s �h �o �w �s �t �h �e �w �e�i �g �h�t �e �d �s �u �m �o�f �a �v �e�r �a �g �e �p �e �a �k �a �g �e �s
"� �P �a �c �h�i �e �v �e �d �b �y �t �h �e �L �A �R �F �a�l �g �o�r�i�t �h �m�, �t �h �e �O �R �R �a�l �g �o�r�i�t �h �m�,
�t �h �e �M �A �X�F�I �R �S �T �a�l �g �o�r�i�t �h �m �a �n �d �t �h �e �R �A �N �D �O �M �a�l �g �o�r�i�t �h �m�,
�r �e �s �p �e �c�t�i �v �e�l �y�. �I�t �c �a �n �b �e �o �b �s �e�r �v �e �d �f �r �o �m �t �h �e û� �g �u�r �e �t �h �a�t �t �h �e
�w �e�i �g �h�t �e �d �s �u �m �o�f �a �v �e�r �a �g �e �p �e �a �k �a �g �e �s"� �P �p�r �o �d �u �c �e �d �b �y �a�l�l
�a�l �g �o�r�i�t �h �m�s �d �e �c�r �e �a �s �e �s �w�i�t �h �t �h �e �i �n �c�r �e �a �s �e �o�f�»�. �I�t �r �e �v �e �a�l �s �t �h �e

�f �a �c�t �t �h �a�t �t �h �e �e �n �e�r �g �y �h �a�r �v �e �s�t�i �n �g �a �b�i�l�i�t �y �o�f �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r
�n �o �d �e �s �h �a �s �a �p �o �w �e�r�f �u�l �i �n û� �u �e �n �c �e �o �n �t �h �e �f �r �e �s �h �n �e �s �s �o�f �s �e �n �s �o�r �y
�d �a�t �a �c �o�l�l �e �c�t �e �d �b �y �t �h �e �s�i �n �k �n �o �d �e �i �n �B �F�- �W �S �N �s�. �B �u�t �t �h �e �p�r �o�-
�p �o �s �e �d �L �A �R �F �a�l �g �o�r�i�t �h �m �a �n �d �O �R �R �a�l �g �o�r�i�t �h �m �c �a �n �s�i �g �n�i û� �c �a �n�t�l �y
�i �n �c�r �e �a �s �e �t �h �e �d �a�t �a �f �r �e �s �h �n �e �s �s �o�f �d �a�t �a �c �o�l�l �e �c�t�i �o �n �i �n �B �F�- �W �S �N �s �n �o
�m �a�t�t �e�r �w �h �a�t �t �h �e �e �n �e�r �g �y �p�r �o û��l �e �s �o�f �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r �n �o �d �e �s
�a�r �e�. �I �n �t �h �e �e �x �p �e�r�i �m �e �n�t �s�, �t �h �e �M �A �X�F�I �R �S �T �a�l �g �o�r�i�t �h �m �h �a �s �s�i �m�-
�i�l �a�r �p �e�r�f �o�r �m �a �n �c �e �w�i�t �h �t �h �e �p�r �o �p �o �s �e �d �a�l �g �o�r�i�t �h �m�s�, �b �u�t �i�t �i �s �n �o�t
�f �e �a �s�i �b�l �e �i �n �f �a �c�t �s�i �n �c �e �t �h �e �a �s �s �u �m �p�t�i �o �n �t �h �a�t �a�l�l �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n�-
�s �o�r �n �o �d �e �s �h �a �v �e �t �h �e �k �n �o �w�l �e �d �g �e �o�f �r �e �a�l�-�t�i �m �e �m �a �x�i �m �u �m �A �o�I �o�f
�t �h �e �n �e�t �w �o�r �k �i �s �i �n �v �a�l�i �d �i �n �B �F�- �W �S �N �s�. �W �h �a�t � �s �m �o�r �e�, �t �h �e û� �g �u�r �e
�p�r �e �s �e �n�t �s �t �h �a�t �t �h �e �p �e�r�f �o�r �m �a �n �c �e �o�f �t �h �e �o �n�l�i �n �e �O �R �R �a�l �g �o�r�i�t �h �m
�i �s �s�i �m�i�l �a�r �t �o �t �h �e �o�f û��i �n �e �o �p�t�i �m �a�l �L �A �R �F �a�l �g �o�r�i�t �h �m�, �w �h�i �c �h
�v �e�r�i û� �e �s �t �h �a�t �t �h �e �o �n�l�i �n �e �O �R �R �a�l �g �o�r�i�t �h �m �h �a �s �a �l �o �w �c �o �m �p �e�t�i�t�i �v �e
�r �a�t�i �o�. �S �p �e �c�i û� �c �a�l�l �y�, �t �h �e �w �e�i �g �h�t �e �d �s �u �m �o�f �a �v �e�r �a �g �e �p �e �a �k �a �g �e �s
"� �P �p�r �o �d �u �c �e �d �b �y �t �h �e �p�r �o �p �o �s �e �d �L �A �R �F �a�l �g �o�r�i�t �h �m �a �n �d �O �R �R
�a�l �g �o�r�i�t �h �m �d �e �c�r �e �a �s �e �s �s �h �a�r �p�l �y �b �e�f �o�r �e�» �< �e�s�/ �n�= �0�.�0 �5�× �e�s�.
�T �h �e �r �e �a �s �o �n �i �s �t �h �a�t �t �h �e �e �x �p �e �c�t �a�t�i �o �n �o�f �t �h �e �e �n �e�r �g �y �h �a�r �v �e �s�t �e �d
�b �y �a �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r �n �o �d �e �i �n�n �t�i �m �e �s�l �o�t �s �i �s�n �» �< �e�s
�b �e�f �o�r �e�» �< �e�s�/ �n�. �T �h �e�r �e�f �o�r �e�, �t �h �e �e �n �e�r �g �y �c �o �n �s�t �r �a�i �n�t �i �s �t �h �e
�m �a�j �o�r �c �o �n �s�t �r �a�i �n�t �f �o�r �t �h �e �t �r �a �n �s �m�i �s �s�i �o �n �s �o�f �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r
�n �o �d �e �s �w �h �e �n�» �< �e�s�/ �n�w �h�i�l �e �t �h �e �t �r �a �n �s �m�i �s �s�i �o �n �i �n�t �e�r�f �e�r �e �n �c �e
�c �o �n �s�t �r �a�i �n�t �i �s �t �h �e �m �a�j �o�r �c �o �n �s�t �r �a�i �n�t �w �h �e �n�»"e �e�s�/ �n�.

�F�i �g�. �3 �( �b�) �p�r �e �s �e �n�t �s �t �h �e �a �v �e�r �a �g �e �a �g �e"� �a �c �h�i �e �v �e �d �b �y �t �h �e
�L �A �R �F �a�l �g �o�r�i�t �h �m�, �t �h �e �O �R �R �a�l �g �o�r�i�t �h �m�, �t �h �e �M �A �X�F�I �R �S �T �a�l �g �o�-
�r�i�t �h �m �a �n �d �t �h �e �R �A �N �D �O �M �a�l �g �o�r�i�t �h �m�, �r �e �s �p �e �c�t�i �v �e�l �y�. �T �h �e û� �g �u�r �e
�r �e �v �e �a�l �s �t �h �e �f �a �c�t �t �h �a�t �t �h �e �p�r �o �p �o �s �e �d �L �A �R �F �a�l �g �o�r�i�t �h �m �a �n �d �O �R �R
�a�l �g �o�r�i�t �h �m �c �a �n �a�l �s �o �r �e �d �u �c �e �t �h �e �a �v �e�r �a �g �e �a �g �e �o�f �d �a�t �a �c �o�l�l �e �c�t�i �o �n
�i �n �B �F�- �W �S �N �s�.

�6�. �2 � �A�l �g �o�r�i�t �h �m �P �e�r�f �o�r �m �a �n �c �e �i �n �B �F�- �W �S �N �s �w�i�t �h �C �o �n �s�t �a �n�t�-
�R �a�t �e �E �n �e�r �g �y �H �a�r �v �e �s�t�i �n �g �P�r �o �c �e �s �s

�W�e �t �h �e �n �e �v �a�l �u �a�t �e �t �h �e �p �e�r�f �o�r �m �a �n �c �e �s �o�f �a�l �g �o�r�i�t �h �m�s �i �n �B �F�-
�W �S �N �s �w�i�t �h �c �o �n �s�t �a �n�t�- �r �a�t �e �e �n �e�r �g �y �h �a�r �v �e �s�t�i �n �g �p�r �o �c �e �s �s�. �E �a �c �h
�b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r �n �o �d �e�v�i �h �a �s �a �c �o �n �s�t �a �n�t �e �n �e�r �g �y �h �a�r �v �e �s�t�i �n �g
�r �a�t �e�r�i �i �n�T �t�i �m �e �s�l �o�t �s�. �W�e �a �s �s �u �m �e �t �h �a�t�r�i �f �o�l�l �o �w �s �t �h �e �N �o�r �m �a�l
�d�i �s�t �r�i �b �u�t�i �o �n �w�i�t �h �m �e �a �n�µ �a �n �d �s�t �a �n �d �a�r �d �d �e �v�i �a�t�i �o �n�Ã�, �i�. �e�.�,
�r�i "< �N�(�µ�, �Ã�2�)�, "��v�i "� �V�. �T �h �e �i �m �p �a �c�t �o�f �n �e�t �w �o�r �k �s�i �z �e�n
�a �n �d �e �n �e�r �g �y �p�r �o û��l �e �s �o�f �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r �n �o �d �e �s�, �r �e �p�r �e �s �e �n�t �e �d
�b �y�µ �a �n �d�Ã�, �o �n �t �h �e �p �e�r�f �o�r �m �a �n �c �e �s �o�f �t �h �e �L �A �R �F �a�l �g �o�r�i�t �h �m�,
�t �h �e �O �R �R �a�l �g �o�r�i�t �h �m�, �t �h �e �M �A �X�F�I �R �S �T �a�l �g �o�r�i�t �h �m �a �n �d �t �h �e
�R �A �N �D �O �M �a�l �g �o�r�i�t �h �m �a�r �e �e �v �a�l �u �a�t �e �d�, �r �e �s �p �e �c�t�i �v �e�l �y�.

�6�. �2�. �1 � �T �h �e �I �m �p �a �c�t �o�f �N �e�t �w �o�r �k �S�i �z �e

�F�i �r �s�t�, �w �e �e �v �a�l �u �a�t �e �t �h �e �w �e�i �g �h�t �e �d �s �u �m �o�f �a �v �e�r �a �g �e �p �e �a �k �a �g �e �s
�a �n �d �a �v �e�r �a �g �e �a �g �e �o�f �d �a�t �a �c �o�l�l �e �c�t�i �o �n �i �n �B �F�- �W �S �N �s �a �s �t �h �e
�n �e�t �w �o�r �k �s�i �z �e�n�i �n �c�r �e �a �s �e �s �f �r �o �m�5�t �o�4 �0�. �T �h �e �e �n �e�r �g �y �h �a�r �v �e �s�t�i �n �g
�r �a�t �e �o�f �e �a �c �h �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r �n �o �d �e �f �o�l�l �o �w �s �t �h �e �N �o�r �m �a�l
�d�i �s�t �r�i �b �u�t�i �o �n �w�i�t �h �m �e �a �n�µ�= �0�.�0 �5�×�e�s �a �n �d �s�t �a �n �d �a�r �d �d �e �v�i �a�t�i �o �n
�Ã �= �0�.�0 �1�× �e�s�, �w �h �e�r �e�e�s �i �s �t �h �e �e �n �e�r �g �y �c �o �n �s �u �m �p�t�i �o �n �f �o�r
�a �b �a�t�t �e�r �y�-�f �r �e �e �s �e �n �s �o�r �n �o �d �e �t �o �g �e �n �e�r �a�t �e �a �n �d �t �r �a �n �s �m�i�t �o �n �e
�s �e �n �s �o�r �y �d �a�t �a �p �a �c �k �e�t�. �F�i �g�. �4 �p�r �e �s �e �n�t �s �t �h �e �n �u �m �e�r�i �c �a�l �r �e �s �u�l�t �s�,
�w �h �e�r �e �e �a �c �h �d �a�t �a �p �o�i �n�t �i �n �t �h �e û� �g �u�r �e �s �i �s �t �h �e �a �v �e�r �a �g �e �r �e �s �u�l�t
�p�r �o �d �u �c �e �d �b �y �r �u �n �n�i �n �g �a�l �g �o�r�i�t �h �m�s �o �n �1 �0 �0 �B �F�- �W �S �N �s�.

�F�i �g�. �4 �( �a�) �p�r �e �s �e �n�t �s �t �h �e �w �e�i �g �h�t �e �d �s �u �m �o�f �a �v �e�r �a �g �e �p �e �a �k �a �g �e �s
"� �P �a �c �h�i �e �v �e �d �b �y �t �h �e �L �A �R �F �a�l �g �o�r�i�t �h �m�, �t �h �e �O �R �R �a�l �g �o�r�i�t �h �m�,
�t �h �e �M �A �X�F�I �R �S �T �a�l �g �o�r�i�t �h �m�, �a �n �d �t �h �e �R �A �N �D �O �M �a�l �g �o�r�i�t �h �m�,
�r �e �s �p �e �c�t�i �v �e�l �y�. �W�e �c �a �n �o �b �s �e�r �v �e �f �r �o �m �F�i �g�. �4 �( �a�) �t �h �a�t �t �h �e �i �m �p �a �c�t
�o�f�n �o �n �t �h �e �p �e�r�f �o�r �m �a �n �c �e �s �o�f �t �h �e �s �e �a�l �g �o�r�i�t �h �m�s �r �u �n �n�i �n �g �i �n
�B �F�- �W �S �N �s �w�i�t �h �c �o �n �s�t �a �n�t�- �r �a�t �e �e �n �e�r �g �y �h �a�r �v �e �s�t�i �n �g �p�r �o �c �e �s �s �i �s

�A �u�t �h �o�r�i �z �e �d� �l�i �c �e �n �s �e �d� �u �s �e� �l�i �m�i�t �e �d� �t �o�:� �G �e �o�r �g�i �a� �S�t �a�t �e� �U �n�i �v �e�r �s�i�t �y�.� �D �o �w �n�l �o �a �d �e �d� �o �n� �M �a �y� �1 �8�, �2 �0 �2 �2� �a�t� �0 �1�: �0 �7�: �3 �0� �U �T �C� �f�r �o �m� �I �E �E �E� �X �p�l �o�r �e�.� � �R �e �s�t�r�i �c�t�i �o �n �s� �a �p �p�l �y�.� 
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( a) T h e i m p a ct of µ o n ∆ P .
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( b) T h e i m p a ct of µ o n ∆ .
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( c) T h e i m p a ct of σ o n ∆ P .
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( d) T h e i m p a ct of σ o n ∆ .

Fi g. 5: T h e i m p a ct of e n e r g y p r o fil e o n t h e p e rf o r m a n c e s of al g o rit h m s i n B F- W S N s wit h c o n st a nt- r at e e n e r g y h a r v e sti n g
p r o c e s s.
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( b) T h e i m p a ct of n o n ∆ .

Fi g. 4: T h e i m p a ct of n o n t h e p e rf o r m a n c e s of al g o rit h m s i n
B F- W S N s wit h c o n st a nt- r at e e n e r g y h a r v e sti n g p r o c e s s.

si mil a r t o t h at i n B F- W S N s wit h P oi s s o n e n e r g y h a r v e st-
i n g p r o c e s s. Fi r st, t h e w ei g ht e d s u m of a v e r a g e p e a k a g e s

∆ P i n c r e a s e s wit h t h e g r o wt h of n . S e c o n d, t h e p r o p o s e d
o nli n e O R R al g o rit h m h a s si mil a r p e rf o r m a n c e wit h t h e
p r o p o s e d o pti m al of fli n e al g o rit h m n o m att e r w h at t h e
n et w o r k si z e i s, w hi c h v e ri fi e s t h at t h e p r o p o s e d o nli n e O R R
al g o rit h m h a s a l o w c o m p etiti v e r ati o. T hi r d, t h e p r o p o s e d
O R R al g o rit h m a n d L A R F al g o rit h m c a n p r o d u c e l o w e r

∆ P t h a n t h e R A N D O M al g o rit h m a n d t h e M A X FI R S T
al g o rit h m. Alt h o u g h t h e M A X FI R S T al g o rit h m h a s si mil a r
p e rf o r m a n c e wit h t h e p r o p o s e d al g o rit h m s, it i s n ot f e a si bl e
i n f a ct si n c e t h e a s s u m pti o n t h at all b att e r y-f r e e s e n s o r
n o d e s h a v e t h e k n o wl e d g e of r e al-ti m e m a xi m u m A oI of t h e

n et w o r k f ail s i n B F- W S N s. Fi n all y, t h e ∆ P p r o d u c e d b y t h e
L A R F al g o rit h m a n d t h e O R R al g o rit h m i n c r e a s e s s h a r pl y
aft e r n ≥ e s / µ = 2 0 . T h e r e a s o n s a r e a s f oll o w s. W h e n
n < e s / µ , it i n di c at e s t h at t h e e x p e ct ati o n E (r i ) = µ < e s / n .
T h e r ef o r e, t h e e n e r g y c o n st r ai nt i s t h e m aj o r c o n st r ai nt f o r

r e d u ci n g ∆ P a n d t h e r e i s littl e t r a n s mi s si o n i nt e rf e r e n c e
a m o n g b att e r y-f r e e s e n s o r n o d e s. W h e n n ≥ e s / µ , h o w e v e r,
si n c e t h e p r o b a bilit y of a b att e r y-f r e e s e n s o r n o d e t o h a r v e st
at l e a st e s e n e r g y i n n ti m e sl ot s i n c r e a s e s wit h t h e i n c r e a s e
of n , t h e e n e r g y c o n st r ai nt i s n o l o n g e r t h e m aj o r c o n st r ai nt

f o r r e d u ci n g ∆ P . I n st e a d, t h e t r a n s mi s si o n i nt e rf e r e n c e c o n-

st r ai nt b e c o m e s t h e m aj o r c o n st r ai nt f o r r e d u ci n g ∆ P si n c e
t h e i n c r e a s e of n i n c u r s t h e i n c r e a s e d c o m p etiti o n s a m o n g
b att e r y-f r e e s e n s o r n o d e s f o r t h e c o m m o n wi r el e s s c h a n n el.

T h e r ef o r e, ∆ P i n c r e a s e s s h a r pl y aft e r n ≥ e s / µ = 2 0 .

Fi g. 4 ( b) p r e s e nt s t h e a v e r a g e a g e ∆ a c hi e v e d b y t h e
L A R F al g o rit h m, t h e O R R al g o rit h m, t h e M A X FI R S T al-

g o rit h m a n d t h e R A N D O M al g o rit h m, r e s p e cti v el y. T h e
fi g u r e r e v e al s t h at t h e p r o p o s e d L A R F al g o rit h m a n d O R R
al g o rit h m c a n al s o r e d u c e t h e a v e r a g e a g e of d at a c oll e cti o n
i n B F- W S N s, w hi c h v e ri fi e s t h e g o o d p e rf o r m a n c e of t h e
p r o p o s e d al g o rit h m s i n i n c r e a si n g d at a f r e s h n e s s f o r d at a
c oll e cti o n i n B F- W S N s.

6. 2. 2  T h e I m p a ct of E n er g y Pr o fil e

N e xt, w e e v al u at e t h e i m p a ct of e n e r g y p r o fil e s of b att e r y-
f r e e s e n s o r n o d e s o n t h e w ei g ht e d s u m of a v e r a g e p e a k a g e s
a n d a v e r a g e a g e of d at a c oll e cti o n i n B F- W S N s. We s et t h e
n et w o r k si z e a s n = 2 0 . Si n c e t h e e n e r g y h a r v e sti n g r at e s
of b att e r y-f r e e s e n s o r n o d e s f oll o w t h e N o r m al di st ri b uti o n
wit h m e a n µ a n d st a n d a r d d e vi ati o n σ , w e e v al u at e t h e
i m p a ct of µ a n d σ , r e s p e cti v el y. Fi g. 5 s h o w s t h e n u m e ri c al
r e s ult s, w h e r e e a c h d at a p oi nt i n t h e fi g u r e s i s t h e a v e r a g e
r e s ult p r o d u c e d b y r u n ni n g al g o rit h m s o n 1 0 0 B F- W S N s.

We fi r st e v al u at e t h e w ei g ht e d s u m of a v e r a g e p e a k a g e s
a n d a v e r a g e a g e of d at a c oll e cti o n i n B F- W S N s a s m e a n µ
i n c r e a s e s f r o m 0 .0 3 × e s t o 0 .0 9 × e s , w h e r e e s i s t h e e n e r g y
c o n s u m pti o n f o r a b att e r y-f r e e s e n s o r n o d e t o g e n e r at e a n d
t r a n s mit o n e s e n s o r y d at a p a c k et. We s et st a n d a r d d e vi ati o n
a s σ = 0 .0 1 × e s . T h e e x p e ri m e nt r e s ult s a r e p r e s e nt e d i n
Fi g. 5 ( a) a n d ( b). Fi g. 5 ( a) s h o w s t h at t h e w ei g ht e d s u m of

a v e r a g e p e a k a g e s ∆ P p r o d u c e d b y all al g o rit h m s d e c r e a s e s
wit h t h e i n c r e a s e of µ . It c a n al s o b e o b s e r v e d f r o m t h e fi g u r e
t h at t h e p r o p o s e d L A R F al g o rit h m a n d O R R al g o rit h m h a s
b ett e r p e rf o r m a n c e t h a n t h e ot h e r t w o al g o rit h m s. B e si d e s,
t h e p e rf o r m a n c e of t h e p r o p o s e d o nli n e O R R al g o rit h m i s
cl o s e t o t h e p e rf o r m a n c e of t h e o pti m al of fli n e L A R F al g o-
rit h m. S p e ci fi c all y, t h e w ei g ht e d s u m of a v e r a g e p e a k a g e s

∆ P p r o d u c e d b y t h e p r o p o s e d al g o rit h m s d e c r e a s e s s h a r pl y
aft e r µ < e s / n = 0 .0 5 × e s . A s m e nti o n e d b ef o r e, e n e r g y

i s t h e m aj o r c o n st r ai nt f o r r e d u ci n g ∆ P w h e n µ < e s / n .
T h e r ef o r e, t h e i n c r e a s e of t h e e x p e ct ati o n E (r i ) = µ will

r e d u c e ∆ P s h a r pl y w h e n µ < e s / n . Fi g. 5 ( b) p r e s e nt s t h e
a v e r a g e a g e ∆ a c hi e v e d b y t h e L A R F al g o rit h m, t h e O R R
al g o rit h m, t h e M A X FI R S T al g o rit h m a n d t h e R A N D O M
al g o rit h m, r e s p e cti v el y. It r e v e al s t h e f a ct t h at t h e p r o p o s e d
L A R F al g o rit h m a n d O R R al g o rit h m c a n al s o r e d u c e t h e
a v e r a g e a g e of d at a c oll e cti o n i n B F- W S N s.

We al s o e v al u at e t h e w ei g ht e d s u m of a v e r a g e p e a k a g e s
a n d a v e r a g e a g e of d at a c oll e cti o n i n B F- W S N s a s st a n d a r d
d e vi ati o n σ i n c r e a s e s f r o m 0 .0 0 5 × e s t o 0 .0 2 5 × e s , w h e r e
e s i s t h e e n e r g y c o n s u m pti o n f o r a b att e r y-f r e e s e n s o r n o d e

A ut h ori z e d li c e n s e d u s e li mit e d t o: G e or gi a St at e U ni v er sit y. D o w nl o a d e d o n M a y 1 8, 2 0 2 2 at 0 1: 0 7: 3 0 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y.  
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to generate and transmit one sensory data packet. We set
mean as µ = 0.05×es. The experiment results are presented
in Fig.5 (c) and (d). Intuitively, both the weighted sum of
average peak ages ∆P and the average age ∆ increase with
the increase of σ. The standard deviation σ represents the
differences among the energy harvesting rates of battery-
free sensor nodes in a BF-WSN. Therefore, the figures reveal
that the larger differences among energy harvesting rates
of battery-free sensor nodes in a BF-WSN will reduce the
data freshness of data collection in the network. Similar to
the above experiment results, the proposed LARF algorithm
and ORR algorithm can always increase the data freshness
of data collection in BF-WSNs.

7 CONCLUSION

In this paper, we investigate the AoI minimization data
collection scheduling problem in one-hop BF-WSNs with
multiple battery-free sensor nodes having non-specific en-
ergy harvesting processes. We propose the optimal offline
LAEF algorithm and the online ORR algorithm, where the
optimality of the offline algorithm and the competitive ratio
of the online algorithm are theoretically proved and ana-
lyzed. Finally, numerical results are provided to verify the
performances of the proposed algorithms. The numerical
results reveal that the proposed LARF algorithm and ORR
algorithm can significantly improve the data freshness of
data collection in BF-WSNs.
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